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The molecular mechanisms by which disseminated neoplasia (DN) is developed in soft shell clams
Mya arenaria remain largely unknown. This study aims at quantifying Rho-like GTPase, RAS-Rho, RAS-
related C3 botulinum (RAS C3), c-jun as well as c-myc transcript levels in clams sampled at North River
(Charlottetown, Prince Edward Island, Canada). The transcripts were quantiﬁed using multiplex gene
analysis (Quantigenes 2 Plex, Affymetrix) in 3 groups of clams: (1) Group C (healthy clams considered
as control) with a low percentage of tetraploid hemocytes (o10%); (2) Group D (disease in
development): individuals presenting a percentage of tetraploid cells ranging between 10% and 50%;
(3) Group E (established disease): clams with a high percentage of tetraploid hemocytes (450%). Data
showed a down-regulation of Rho-like GTPase, Rho-like subfamily, RAS C3, c-jun and an up-regulation
of c-myc gene expression. It is believed that a deregulation of the expression of these genes could partly
unravel the molecular mechanisms involved in the development of DN in soft shell clams Mya arenaria.
Further investigations should be pursued to determine the role of these gene products in clams’
hemocytes.
& 2012 Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Infectious diseases constitute one of the major causes of
economic loss in the aquaculture industry. In 1997, the World
Bank estimated disease-related losses at approximately 3 billion
US$ per year. In 1999, a high mortality of soft-shell clams, Mya
arenaria, ranging between 20% and 90% in some areas, was
recorded in Prince Edward Island and was found to be related
to the development of ‘‘disseminated neoplasia’’ (DN) [11].
Neoplastic hemocytes lose their pseudopodia and become
rounded affecting thus their capacity of motility and phagocytosis
[1]. Based on the DNA contents, neoplastic cells exhibited double
DNA content and were assessed as tetraploid in comparison to
normal hemocytes [14]. Flow cytometry was used as a tool to
determine the tetraploidy level of hemocytes in clams [14]. Using
tetraploidy status as an indicator of the disease, clams sampled infor Aquatic Health Sciences,
Canada V9W 2C2.
Y-NC-ND license.North River (Prince Edward Island, Canada) present high preva-
lence in comparison to clams sampled in other sites in Canada [4].
The molecular actors involved in the development of the
disease of DN in M. arenaria still remain unknown. Studies
demonstrated that the sequestration of p53 by mortalin would
constitute one of the mechanisms of DN induction in clams
[17,16,15,2], whereas Holbrook et al. [9] stipulated that molecular
mechanisms regulated by p53 were disrupted by a high expres-
sion of the mouse double minute 2 (MDM2) proto-oncogene. In
order to identify the molecular actors involved in the develop-
ment of the disease, a subtractive suppressive hybridization
approach has been performed in healthy and diseased clams, as
well as in organisms during the development stages of the disease
[20]. In our SSH cDNA bank, RAS-like family members such as
RAS-C3, RAS-Rho, Rho-like GTPase, c-jun and c-myc were identi-
ﬁed as regulated transcripts during the development of the
disease [20]. RAS-like family members play a pivotal role in cell
cycle (cytokenesis, quiescence) by activating c-jun while c-myc
stimulates cell cycle progression and proliferation. Therefore, this
study aims at quantifying the level of these transcripts at different
stages of tetraploidy. In this study, levels of these transcripts were
quantiﬁed using microsphere-based 8-plex branched DNA assay.
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2.1. Sampling
Approximately ﬁve-cm-long specimens of M. arenaria were col-
lected at low tide with a hand rake at 15–20 cm depth in North River
(4611500100N, 6311004200W) (Charlottetown, Prince Edward Island,
Canada), known as an endemic area for disseminated neoplasia. After
being washed with seawater, clams were transported to our aquatic
facilities at the Atlantic Veterinary College (Charlottetown, Prince
Edward Island, Canada). Upon arrival, animals were kept in tanks
with static seawater at 18 1C and a salinity of 28 before analysis.
2.2. Flow cytometry
Flow cytometry (FCM) analysis was used to assess the ploidy
status ofM. arenaria hemocytes according to the methods described
by Delaporte et al. [4]. Brieﬂy, hemolymph (500 mL) was withdrawn
from individual clams using a 3 mL syringe ﬁtted with a 25-gage
needle. Hemocytes were ﬁxed in 2.5 mL of cold absolute ethanol
and stored at 20 1C for at least 30 min. Fixed cells were centri-
fuged (400 g for 10 min at room temperature), and supernatants
were discarded. Hemocyte pellets were re-suspended in 0.01M
phosphate-buffered saline (PBS) and cells were left to re-hydrate for
30 min at room temperature. After two washes in PBS and
centrifugation (400 g for 10 min at room temperature), cells were
re-suspended in 380 mL of PBS solution and transferred to ﬂow
cytometer tubes using an 80 mm nylon mesh ﬁlter. Propidium
iodide (PI, 50 mg mL1) and DNAse-Free RNase A (50 mg mL1)
were added to each tube before incubating the mixtures in the dark
for 30 min until optimal PI staining. PI ﬂuorescence, which is
related to the DNA content of each cell, was detected on an orange
photo-multiplicator of a FACS-Calibur ﬂow cytometer (BD Bios-
ciences) at a wavelength ranging between 550 and 600 nm. For
each sample, 10,000 particles were counted at a low ﬂow rate
(15 mL min1). For each cell event, a single pulse of PI ﬂuorescence
was represented according to its area and width. The pulse width
was compared to the pulse area in order to discriminate cells in the
phase G2/M from doublets of G0/G1 cells having the same DNA
quantity. To gate single hemocytes, PI ﬂuorescence intensities were
plotted as an FL2-area vs. FL2-width dot-plot. The region R1 was
drawn in order to discriminate single cells from doublets. The single
cells gated in R1 were plotted on an FL2-area histogram and were
used to estimate the percentage of normal and tetraploid hemo-
cytes in the analyzed cell population [4].
2.3. Total RNA extraction
Hemolymph (2 mL) was withdrawn from individual clams
using a 3 mL syringe ﬁtted with a 25-gage needle. Total RNA from
hemocytes was extracted using a Qiagen RNeasy Mini Kit accord-
ing to the manufacturer’s protocol (Qiagen, ON, Canada). RNA was
quantiﬁed using a NanoDrop spectrophotometer (Thermo-Fisher
Scientiﬁc, DE, US) and RNA quality was assessed using the
Experion RNA StdSens Analysis Kit (Bio-Rad Ltd. ON, Canada).
Only samples with high quality (RNA Index Quality higher than 8)
and RNA concentration higher than 100 ng mL1 were selected for
further analysis. Only 6 samples from group C (0–10%), 7 samples
from group D (10–50%) and 3 samples from group E (450%) met
these conditions and were therefore selected for microsphere-
based multiplex branched DNA downstream analysis.
2.4. Microsphere-Based Multiplex Branched DNA Assay
The basic principle of our assay is based on two novel technol-
ogies. First, the target-speciﬁc probes are coated to the beads andthe hybridization is performed in the liquid system. Second, signal
ampliﬁcation is performed by using branched DNA technology,
which enables a high sensitivity of detection similar to quantitative
real time RT-PCR [6,22]. In addition, this technology enables a high-
throughput analysis by quantifying multiple mRNA targets from
the same and unique sample [10,8]. Microsphere-based multiplex
branched DNA assay is widely used in transcript proﬁling and
validation against quantitative real time RT-PCR has been per-
formed [3].
The assay uses 3 probe sets, namely Capture Extenders (CEs),
Label Extenders (LEs), and Blockers (BLs), which are all capable
of speciﬁcally hybridizing the RNA targets (Affymetrix Inc, CA, US)
(Table 1). Different ﬂuorescent beads are coated with CEs, thus
enabling hybridization and discrimination among the different
RNA targets. LEs probe sets are designed to hybridize the
branched DNA allow ampliﬁcation of the signal. Each branched
DNA contains multiple hybridization sites for biotinylated Label
Probes that bind Streptavidin-conjugated R-Phycoerythrin (SAPE).
The combined ﬂuorescence signals resulting from both the
capture beads and SAPE are read on a Luminex 100 ﬂow
cytometer (Luminex Corp., Austin, CA, US).
In this study, 8 transcripts have been selected from the
subtractive suppressive cDNA library previously generated in Siah
et al. [20]. The transcripts selection was based on their involvement
in the development of tumors. Three of the 8 are housekeeping
previously validated as the best housekeeping for accurate gene
expression analysis related to DN in Mya arenaria [19]. The micro-
sphere-based multiplex-branched DNA assays were performed
according to the recommended procedure of QuantiGene Reagent
System (Affymetrix Inc., CA, US). Brieﬂy, 20 mL extracted total RNA
at 100 ng for each sample was mixed with 80 mL of mixture
containing probe sets (5 mL) with capture beads (1 mL), lysis buffer
(33.3 mL), blocking reagent (2 mL) and nuclease-free water (38.7) for
each well.
Wells were incubated at 55 1C for 16 h and washed 3 times
with 300 mL of washing buffer. Two series of hybridizations at
55 1C for 1 h with 100 mL of a 1:1000 dilution of branched DNA
ampliﬁer and 100 mL of 30-alkaline phosphatase-conjugated Label
Probe oligo respectively were performed and followed by
3 washes with 300 mL of washing buffer after each incubation.
To develop the ampliﬁed signal, the alkaline phosphatase sub-
strate dioxetane was added to the wells and incubated at 50 1C for
1 h. The signal was detected using the Luminex 100 machine
(Luminex Corp., Austin, CA, US).
2.5. Data analysis and statistics
Three replicate assays (n¼3) were performed for each experi-
mental sample. The performance for the assay for each transcript
was determined using a 2-fold serial dilution (n¼5). Nuclease-
free water was used for the background quantiﬁcation instead of
the total RNA. The average median ﬂuorescence was subtracted
from the background and normalized to the housekeeping genes.
Statistical signiﬁcance of biological comparison was tested using
one-way ANOVA. Signiﬁcance was deﬁned at po0.01.3. Results and discussion
3.1. Tetraploidy status
Sixty clams were sampled from May to October 2010 in North
River (Charlottetown, PEI, Canada) and the tetraploidy status of
each individual was assessed using ﬂow cytometry. The clams
were ranked into 3 categories based on their tetraploid status:
(1) Group C (healthy clams considered as control) with a low
Table 1
Target-speciﬁc probes of the sequences. BL—Blokers, CE—Capture Extenders,
LE—Label Extenders.
Target name Type Sequence
RpL37 BL ggccatggcggccg
RpL37 BL ccgctcgaaatcccgc
RpL37 BL acctgcccgggcgg
RpL37 BL cctgtggtcctcctgcgct
RpL37 CE gcccaattcgccctatagtga
RpL37 CE ggagcatgcgacgtcgg
RpL37 CE cgctttccgaaactggatgt
RpL37 CE tctgaatgtgatatgcacggc
RpL37 CE tggcctttacactccagttgtagt
RpL37 CE agcgcattccgcctgtg
RpL37 LE gggtgtgggttttgttgtgc
RpL37 LE ggccacaacgccgacact
RpL37 LE tgcatgatgcacatcgtttct
RpL37 LE ttcttaaggttgcactagggtagc
EF1 BL tgtcttgaaatgtggacatggg
EF1 BL cagtctttatctttctgtgtatctggta
EF1 BL tgaatttgaaacctatgaatagtagaagt
EF1 BL tttttcctccgtatctctttacga
EF1 CE cctcttttccctcatccttcg
EF1 CE tggtgcttattaatcatttcttcttc
EF1 CE ttgcctttaaacaaatatatgaaagac
EF1 CE ccaaatattaaataatgaaggcttct
EF1 CE aaacatgatcgatcaccttactgc
EF1 CE gagcagaacttaaaaactatacaaaaatc
EF1 LE gccaccgtctgcctcatgt
EF1 LE tcacctctttgatgacaccaaca
EF1 LE cggccttggtcaccttgc
EF1 LE ccaccgactgccttctggg
EF1 LE tgtaacagtccacattttcctgcta
EF1 LE cggcctaggtgttttccatga
RpS18 BL ggcaggtacaatctacttcttcttagata
RpS18 BL gagcggccgcccg
RpS18 CE acatgacctgtgtgaatttgcc
RpS18 CE gtgtgcacggatcttcttaagg
RpS18 CE ccagtagtgtcgcaagcctct
RpS18 CE gacctctcacacgcaggcc
RpS18 CE catggccgcgggatttc
RpS18 LE tgaggaaccagtcgggaatct
RpS18 LE gtccttgacgtccttctgtctgt
RpS18 LE tgttgtcgagggcgttgg
RpS18 LE cgctcaagatcttcacgaagct
RpS18 LE ggccggttgtctttgtatgct
RpS18 LE cacccacagttttaccggtgt
c-jun BL ccctctcgtactgcgttagaag
c-jun BL gctctcaattttctcctcagtctg
c-jun BL tgcgcacgatggactcaag
c-jun BL tttctattttatgtggtcggtgg
c-jun CE cgtatttcttaatccccgcgt
c-jun CE gtttgtctgtaaatgcctgatcaa
c-jun CE gctgattttcgcaactgttttt
c-jun CE cattcttgttcttgagttccatca
c-jun CE ctgactcccttctcacccca
c-jun LE cataagctctttaacgacatcttcat
c-jun LE gactttctaatatacctacaaccagagg
c-jun LE cgctctccacatcagcctctt
c-jun LE ttgttcattgtcttcttttaacagct
c-jun LE tctgtctccaggaatttctgatct
Rho Like GTPase BL gcaaacccttcatgttttttctc
Rho Like GTPase BL tttgctgagctagttccttttatg
Rho Like GTPase BL gatctggcttcttagttatgttgttt
Rho Like GTPase BL ggctttccactgacattagggg
Rho Like GTPase BL gcccaccaggacgcatt
Rho Like GTPase BL tccgacgccggcgtc
Rho Like GTPase BL caaagaggctgaagtggactgg
Rho Like GTPase CE tatgtgctattttatttggcaattat
Rho Like GTPase CE tctaaatatttccgtcggatcag
Rho Like GTPase CE tgcttcattttggagtacctcc
Rho Like GTPase CE cgagccgcaagagacgtctt
Rho Like GTPase CE tctccttgccggccgtat
Rho Like GTPase CE cacgcgcaaacgatcgtaa
Rho Like GTPase LE aagtatacagttgacactgcggatt
Rho Like GTPase LE tgcccacgataaggtcattatc
Table 1 (continued )
Target name Type Sequence
Rho Like GTPase LE gccacagggctcatttaaaaa
Rho Like GTPase LE tcttaggatctagagaatgtgtaccg
Rho Like GTPase LE tggtcccggaactcgtacttc
Rho Like GTPase LE tgatgcatgtggggcgc
Rho Like GTPase LE cttgaatttccgggaggatatt
Rho Like GTPase LE cggtggggacgtaatctgg
Rho Like GTPase LE gcggcgtagttgtcgaaga
Rho Like GTPase LE cttgtcgtccagcatcacagtc
RAS C3 BL gggcttgacgacctttcgtg
RAS C3 BL cggaagatgacgccacacgt
RAS C3 BL atacaaaaaatgaaccctttaaacc
RAS C3 BL gcgacacacctcaaaacagctt
RAS C3 BL cacatattctaatctaagacgaaagatg
RAS C3 BL aacgaaccctttaaaccaagataa
RAS C3 CE ttatcgtcccgagatcgagtt
RAS C3 CE gcggaacactccaggtattttac
RAS C3 CE gacagaggaccgccctgat
RAS C3 CE caaaacattatacacttcggcct
RAS C3 CE aaacgaacacttattcaaatctaagg
RAS C3 CE cgcaatcatatatgtcatacagagaaaa
RAS C3 LE cgtgtcgggacagtgatggc
RAS C3 LE ttgtgcccactaggataacagg
RAS C3 LE cttgagtttttcaaccgtgtcc
RAS C3 LE tgttagaggcgacagtttcttctc
RAS C3 LE ggcgaggccctgtggata
RAS C3 LE cgaattgatgtccttggcaag
RAS C3 LE gaggcccttctgggtgagc
RAS C3 LE ggcttcgtcaaagaccgtctt
c-myc BL tgctcttcaatgagtctattgatatac
c-myc BL ttcttttctcaactttagctgct
c-myc CE ccctcaaggtcgggcac
c-myc CE gactttaggagctctttcctgg
c-myc CE tgagaagctttcctgagaatcac
c-myc CE caatttctctgtctttttgcctc
c-myc CE ctggatagatgcctttttaactt
c-myc LE ttctcctttttctttctagcacatt
c-myc LE gtgaaagaaactgtttttcaagtctg
c-myc LE cagcaagttaataatccctcaat
c-myc LE gctaatatttgcacatgaaaagttataaa
c-myc LE aagaaagtggtagtcaattgtgtcaa
c-myc LE tcagcagtcacacctcgcac
c-myc LE taatgcaagggaattaatccacta
c-myc LE aaaaggtgcatgatgttacatcatt
Ras Rho BL cctacaagaatgatgggaacattc
Ras Rho CE acagtgccaattcaaacctgtt
Ras Rho CE atcttcttgaccagcagtatccc
Ras Rho CE cgatggagaagcacataagaatga
Ras Rho CE gggcagaagtgtttcacctcc
Ras Rho CE atcattgcgagtatctttcttgttt
Ras Rho CE ggagcactccaggtagctgaaag
Ras Rho LE gggacgcagcctgtcgta
Ras Rho LE cgtcagtgtcggggtatgacaa
Ras Rho LE ttttccaagctgtctggactgt
Ras Rho LE ggtgtccacttctctgggatg
Ras Rho LE cagctcgcgttttgtgttctc
Ras Rho LE cactggctcttgtttcatcttcat
Ras Rho LE cgcccctcgtcaggacg
Ras Rho LE cgttgatttctccgacatagcc
A. Siah et al. / Results in Immunology 2 (2012) 83–87 85percentage of tetraploid hemocytes (o10%); (2) Group D (disease
in development): individuals presenting a percentage of tetra-
ploid cells ranging between 10% and 50%; (3) Group E (established
disease): clams with a high percentage of tetraploid hemocytes
(450%). Data showed a prevalence of 11.9% of diseased clams,
32.2% of clams developing the disease in comparison to 55.9% of
healthy organisms (Fig. 1). These data are in concordance with
previous assessments recorded in our studies [4,18], thus show-
ing a constant high prevalence of the disease in the North
River site.
Fig. 2. Relative quantiﬁcation of Rho-like GTPase, RAS Rho-like, RAS-related C3
botulinum (RAS C3), c-jun and c-myc to rpS18, rpL17, EF1 mRNA ratio in 3 groups
of clam populations: (white) healthy clams with a low percentage of tetraploid
hemocytes (o10%); (gray) individuals presenting a percentage of tetraploid cells
ranging between 10% and 50%; (black) clams with a high percentage of tetraploid
hemocytes (450%). Stars indicate statistically signiﬁcant mRNA levels (ANOVA,
po0.001) when compared to healthy clams (o10%).
Fig. 1. Histogram representing the percentage of healthy clams with a low
percentage of tetraploid hemocytes (o10%), individuals presenting a percentage
of tetraploid cells ranging between 10% and 50% and clams with a high percentage
of tetraploid hemocytes (450%).
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This study aims at quantifying the levels of expression of
c-myc and RAS family genes. These transcripts have been identi-
ﬁed in our previous SSH cDNA bank performed on clams with
different levels of tetraploid hemocytes [20]. In the present study,
a multiplex gene expression quantiﬁcation method was applied
on clams assessed with different levels of tetraploid hemocytes.
Rho-like GTPase, RAS Rho, RAS C3, c-jun as well as c-myc
transcripts were quantiﬁed simultaneously in hemocytes of each
organism. Ribosomal protein L37, elongation factor 1 and riboso-
mal protein S38 were used as reference transcripts and have
previously been validated as the best housekeeping genes for
relative gene expression quantiﬁcation under these conditions
[19]. The data showed an over-expression of c-myc and down-
regulation of Rho-like GTPase, RAS C3, RAS-Rho and c-jun (Fig. 2).Interestingly, RAS-like family members and c-myc have 2 antago-
nist roles in the genome instability. The former, RAS, acts in favor
of senescence, while over-expression of c-myc induces cell
transformation and development of cancer [13].
Rho-like GTPase also known as Cdc42 and Rac1 subfamily
plays a key role in the organization, adhesion and proliferation of
actimyosin essential to cytoskeleton structure and cytokinesis
[7,23]. In a coordinative way, RhoA-like subfamily intervenes in
the regulation of cell shape, adhesion and motility essential to
cytokinesis and cell polarity during cell cycle [12]. In addition,
RAS-related protein, localized on cis-Golgi membranes, intervenes
in the maturation of microtubule intermediates and thus in the
regulation of vesicle transport and trafﬁc between the reticulum
endoplasmic and Golgi apparatus [21,5].
The myc family belongs to the basic helix-loop-helix leucine
zipper class of transcription factors and plays a key role in cell
growth by regulating the expression of genes involved in cell
replication [13]. It has been shown that c-myc in coordination
with p53 inhibition promotes S-phase progression and formation
of tetraploid cells [24]. Over-expression of c-myc activates cyclin
B1 and its associated cdc2 kinase activity may explain the
formation of tetraploid hemocytes [25].4. Conclusion
This study shows down-regulations of RAS-like family mem-
bers, while the c-myc gene is up-regulated in the population of
hemocytes with high percentages of tetraploid cells. This pre-
liminary data needs further investigations, which could be con-
ducted on the localization and the role of these transcripts in the
development of the disease in M. arenaria.References
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